Colicins are bacteriocins synthesized by, and active against, Escherichia coli cells and sometimes cells of closely related species such as Shigella and Salmonella. Twenty-three colicin types have been characterized (24) . Colicin-producing cells synthesize an immunity protein, which protects the producers against the colicin synthesized inside the same cell or by other cells.
Colicin K kills cells by forming channels in membranes, destroying the electrochemical potential of the cytoplasmic membrane. Uptake into sensitive cells requires the outer membrane proteins Tsx, OmpF, TolR, and TolB. The genes cka, encoding colicin activity, cki, encoding immunity, and ckl, encoding lysis, have been previously found on pColK-K49 (21) and pColK-K235 (23) of strain BZB2116.
Already studied in detail is the expression of the colicin E1 structural gene. Its regulation has been demonstrated to be complex, involving repression by LexA, stimulation of transcription by the cyclic AMP (cAMP) receptor protein (Crp)-cAMP complex (25) , Fnr-mediated stimulation of expression in anaerobic conditions (7) , and induction by depletion of nutrients (8) .
The high frequency of synthesis of colicins in E. coli strains implies that their role could be the defense or invasion of an ecological niche. Expression of structural genes of different colicins could therefore involve common mechanisms of regulation. On the other hand, strains can produce more than one colicin, and even though production is induced by some common conditions, e.g., the SOS response, synthesis of individual colicins could be influenced by different signals. In the present study, we used a cka-lacZ fusion to study the regulation of cka expression with regard to growth phase, nutrient depletion, growth temperature, SOS induction, and osmotic shock. The role of certain global regulators of gene expression, i.e., integration host factor (IHF), Lrp, ppGpp, and Crp (cAMP-Crp), was also investigated.
Our results demonstrate that colicin K synthesis is growth phase dependent and induced by nutrient depletion due to an increase in ppGpp. cka expression is strongly influenced by temperature, with only basal-level activity being present at 22°C. The SOS response is not a strong signal for cka expression. Increased osmolarity partially increases expression, while the global regulator IHF modulates cka expression negatively with regard to growth phase. Compared with regulation of expression of the ColE1 structural gene cea (8) , our results demonstrate that while nutrient depletion induces the synthesis of ColE1 and colicin K and while LexA is a common repressor, other global regulatory proteins and environmental conditions modulate synthesis differently. Such differential regulation could be of ecological significance, since the synthesis of individual colicins could be induced by different signals at different sites within the warm-blooded host.
MATERIALS AND METHODS
Bacteria and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 .
Media and chemicals. Strains were grown in Luria-Bertani (LB) medium with aeration at 37 or at 22°C where indicated. Where indicated, LB medium was supplemented with 0.3 M NaCl to increase osmolarity. Ampicillin was used at 100 g/ml, kanamycin was used at 30 g/ml, tetracyline was used at 10 g/ml, and streptomycin was used at 100 g/ml. o-Nitrophenyl-␤-D-galactopyranoside (ONPG) was used as substrate in ␤-galactosidase assays of cells treated with sodium dodecyl sulfate (SDS)-chloroform and washed with Z buffer. Enzyme activity is defined in units of optical density at 420 nm (OD 420 ) per minute per unit of OD 600 (20) .
Conditioned medium was prepared by diluting an overnight culture of MC4100 1:500 into 100 ml of fresh LB medium. After growth for 4 or 12 h with aeration at 37°C, the cells were centrifuged twice and the medium was filter sterilized. Conditioned medium was used within 24 h.
Strains to be tested for cka induction in conditioned medium were first grown overnight at 37°C in LB medium with the appropriate antibiotic. The bacterial cells were then diluted 1:500 into fresh LB medium and grown to an OD 600 of 1. Subsequently, the cells were inoculated at a density corresponding to an OD 600 of 0.015 into conditioned medium and further incubated with aeration at 37°C. Samples were periodically removed and assayed for ␤-galactosidase activity.
cka induction under anaerobic conditions was tested by first growing bacteria overnight with aeration at 37°C. The bacteria were grown under the same conditions to 2 ϫ 10 8 to 4 ϫ 10 8 cells/ml (OD 600 ϭ 1). They were subsequently diluted 1:100 and grown aerobically for 30 min. The bacterial culture was then divided into two halves; one was incubated further aerobically, while the other was incubated in tubes without aeration for the establishment of anaerobic conditions (7) . However, this is not a strictly anaerobic but a semianaerobic environment. After 1 h, each culture was split into two parts, and one was induced with 0.5 g of mitomycin C per ml.
General DNA manipulation techniques. Plasmid DNA isolation, ligation, and transformation experiments were performed by standard methods (26) . Restriction endonuclease digestions were carried out as specified by the supplier (Boehringer). DNA fragments were purified from agarose gels by using the GeneClean II system (Bio 101). DNA-labelling and hybridization experiments were carried out by using the DIG DNA labelling and detection kit (Boehringer).
Hybridization experiments were performed to detect the cloned chromosomal colicin K genes by using the 1.15-kb EcoRI-DraI fragment of the cka structural gene. DNA sequencing was performed by a dye rhodamine terminator cycling reaction on an ABI 377 automated sequencer at the Department of Biochemistry, Colorado State University. The relative plasmid pIK471 content was densitometrically determined (13) in all the studied strains and compared at 22 and 37°C.
Cloning of the colicin K genes. Colicin K in strain KS533 (1) is encoded by pColK-JA533. Partially Sau3A1-digested plasmid DNA was cloned into the BamHI site of vector pUC19. A colicinogenic clone was isolated, and the plasmid was designated pIK32. The presence of colicin K-specific genes on plasmid pIK32 was confirmed by DNA hybridization analysis. The location of the cka promoter region with part of the structural gene on an approximately 1-kb EcoRI fragment of plasmid pIK100 was deduced by comparison with the restriction maps of the cka structural, cki immunity, and ckl lysis genes (21) . The nucleotide sequence of the cka promoter region was determined by DNA sequencing of the cloned 1-kb EcoRI fragment and is presented in Fig. 1 . D.) , the Ϫ10 region, the Ϫ35 region, and the two SOS boxes are indicated.
Construction of the cka-lacZ gene fusion. PCR was carried out to amplify the 471-bp fragment encompassing 397 nucleotides upstream from the transcription initiation site and 74 nucleotides of the cka structural gene. Two primers were designed, one designated K1 (5Ј-TCGGATCCATGCGTCTTGCCTGGTATA C-3Јpro1) on the basis of the determined promoter region and an added BamHI restriction sequence and the other designated K2 (5Ј-TCTCTAGATGATTCA GATTCGCCCCTG-3Ј), corresponding to colicin K nucleotides 74 to 55 (21) and an added XbaI restriction sequence. PCR was carried out in the following steps: heating at 93°C for 5 min followed by 30 cycles of denaturation at 95°C for 1 min, annealing at 61°C for 1 min, and extension at 72°C for 1 min and one final extension for 10 min at 72°C. The PCR-generated fragment was recovered from a 0.9% agarose gel, cut with BamHI and XbaI, and cloned into the promoter probe plasmid pCB267 with the promoterless lacZ gene, also cut with BamHI and XbaI (27) , generating pIK471. Double-stranded nucleotide sequencing with K1 and K2 oligonucleotides as primers was carried out to confirm that no base changes had occurred in cloning the 471-bp amplified fragment in plasmid pIK471.
Osmotic pressure. An overnight culture of the tested strain was diluted 1:500 into fresh LB medium and grown with aeration at 37°C to mid-exponential phase (OD 600 ϭ 0.2). The culture was then divided into two parts, and to one of these was added 0.3 M NaCl. Samples were periodically removed and assayed for ␤-galactosidase activity.
Colicin production. Colicin K production was determined by the overlay method (23) by testing the sensitivity of the indicator strain AB1133 (sensitive to all colicins) and immunity of strain BZB2116 with plasmid pColK-K235 (23) .
Induction of the SOS response with mitomycin C. Cells of an overnight culture of strain MC4100 with plasmid pIK471 were diluted 1:500 in LB medium and grown with aeration at 37°C. At an OD 600 of 0.3, the culture was divided into two parts and to one was added mitomycin C to a concentration of 0.5 g/ml; the culture was then incubated further.
Temperature-dependent synthesis of colicin K. Cells of an overnight culture of strain MC4100 with plasmid pColK-JA533 were diluted 1:500 in LB medium and grown with aeration at 37°C. At an OD 600 of 0.3, the culture was divided into two parts, and to one was added mitomycin C to a concentration of 0.5 g/ml; the culture was then incubated further for 3 h. Alternatively, to detect Cka at 22°C, an overnight culture of the pColK-JA533-carrying strain was diluted as above and incubated with aeration at 22°C to an OD 600 of 2. The culture was subsequently divided into two parts, and to one was added mitomycin C to a concentration of 0.5 g/ml; the culture was then incubated further for 8 h. A 1.5-ml portion of the cultures was removed, and whole-cell extracts were prepared (24) . Samples were analyzed by SDS-polyacrylamide gel electrophoresis.
Nucleotide sequence accession number. The sequence reported in this study has been deposited in the EMBL nucleotide sequence database under accession no. Y18549.
RESULTS
cka expression is growth phase dependent. Overnight cells of strain MC4100 carrying plasmid pIK471 were diluted 1:500 in LB medium and grown with aeration at 37°C (Fig. 2) . Dilution of residual ␤-galactosidase activity from the overnight culture was observed in the mid-exponential phase, when a basal level of 22 U of ␤-galactosidase was produced. Expression of ␤-galactosidase activity subsequently increased in a linear manner, with a 17-fold increase in the stationary phase (8 h after inoculation) and a 22-fold increase, amounting to 490 U, in the late stationary phase.
Depletion of nutrients induces cka expression. Induction of colicin production in the stationary phase could be due to a variety of changes in the medium, for example, anaerobiosis, pH, depletion of metabolites, excretion of compounds, and high cell density (8) . To study the effect of depletion of nutrients, cells were inoculated, at low density (OD 600 ϭ 0.015), into medium conditioned for 12 h as described in Materials and Methods. As is evident from Fig. 3 , from a basal level a rapid 16-fold increase in activity was established, while growth stopped 3 h after inoculation at an OD 600 of 0.062. Subsequently (24 h after inoculation), an approximately 46-fold increase, resulting in 1,026 U, was observed. Activity was thus greater in conditioned medium than in the late-stationaryphase culture which is also depleted of nutrients.
To determine whether cka expression is induced by depletion of nutrients in conditioned medium or by an inducer released by cells used to deplete the medium, expression was also tested in media containing different proportions of conditioned and fresh medium. Differentially conditioned media were used; one had sustained growth for 4 h, and the other had sustained growth for 12 h (Table 2) . After 4 h of growth, the medium is not completely devoid of nutrients, the OD 600 reaches 1 to 2, and at this time the increase in expression is greatest. If nutrient depletion induces expression, addition of fresh medium should inhibit expression. Alternatively, the increase in expression at the beginning of the stationary phase could be due to an inducer present in the medium whose concentration is dependent upon cell density. In this case, expression should not be affected by the addition of fresh medium. In both differentially depleted media, the addition of fresh LB medium resulted in a 0.5-fold reduction in ␤-galactosidase activity for up to 3 h after inoculation. However, subsequently, at 6 h following inoculation, the activity was up to twofold higher, particularly when 25% fresh LB medium was added to both conditioned media. In medium which had sustained growth for 4 h, the addition of 25% fresh LB medium resulted in higher activity 7.5 h after inoculation, while in medium depleted for 12 h, a pronounced increase was observed up to 20 h after inoculation.
To rule out the possibility that addition of fresh LB medium results in dilution of an inducer, tryptone and yeast extract were added to the conditioned medium to levels present in LB medium; the results were essentially the same (data not shown).
The decreased activity following the addition of fresh medium demonstrates that depletion of nutrients induces cka expression. However, while our results demonstrate initially lower activity of the cka-lacZ fusion in conditioned medium with added nutrients, the subsequently higher activity, which can exceed the activity in 100% depleted medium, indicates that cka expression is not induced solely by depletion of nutrients.
cka expression is positively affected by ppGpp. As cells exhaust nutrients, inbalances occur in amino acid biosynthetic pathways, resulting in empty acceptor sites in ribosomes and leading to an increase in guanosine tetraphosphate synthesis. To determine whether ppGpp is involved in cka expression, the ␤-galactosidase activity of the cka-lacZ fusion was studied in strain RH98 with mutations in relA and spoT. Strains with relA spoT double mutations produce no ppGpp. Approximately eightfold-lower ␤-galactosidase activity was found for the entire growth cycle in strain RH98 carrying plasmid pIK471 (Fig.  4 ). These results demonstrate that ppGpp is a positive effector of cka expression.
cka activity in the relA spoT mutant was also tested in medium conditioned for 12 h (Fig. 3) . In conditioned medium, the ␤-galactosidase activity of the cka-lacZ fusion in the relA spoT mutant was approximately 10-fold lower than that in strain MC4100. cka expression in the relA spoT double mutant was similar in fresh and conditioned media during the first 8 h. Subsequently, the activity was approximately twofold higher in conditioned medium, again indicating that another factor besides ppGpp could be involved in induction of cka expression.
To rule out the possibility that ␤-galactosidase activity is affected by changes in the pIK471 copy number, the relative plasmid content was determined as described in Materials and Methods. In all the studied strains, the pIK471 copy number was altered only in the relA spoT mutant. The plasmid content was higher than for strain MC4100 (data not shown). The negative influence of ppGpp on the replication of a number of plasmids has been previously demonstrated (33) . Our results demonstrate that ppGpp is a positive activator for induction of cka expression due to depletion of nutrients.
Mitomycin C induces cka expression. Expression of colicin activity genes is subject to SOS control with a LexA repressor binding region located upstream of all colicin activity genes. 
FIG. 4. Expression of the cka-lacZ fusion in the double mutant relA spoT (solid symbols) and in MC4100 (open symbols). ␤-Galactosidase activity in
Miller units (diamonds) and growth OD 600 (circles) are presented. The experiments were repeated four times, and the results of one experiment closest to the average were used.
All ColE operons and the cka gene have two overlapping SOS boxes in their regulatory regions (Fig. 1) . Induction of cka expression upon DNA damage was tested in the presence of mitomycin C at 0.5 g/ml (Table 3 ). This dose gave the highest induction with the least killing. Induction with mitomycin C was observed in the exponential and stationary phases, with approximately threefold and twofold increases in ␤-galactosidase activity, respectively. The relA spoT mutant was also treated with mitomycin C, and the same level of induction was observed as in the wild-type MC4100 strain (Fig. 5) . cka expression is repressed by IHF and independent of S , H-NS, and Lrp. To determine whether other global regulator proteins influence cka expression, the ␤-galactosidase activity of the cka-lacZ fusion was studied in strains defective in rpoS (RH90), himA (GE2897), and hns and lrp (GE3653). The results of our study showed that synthesis and the induction of cka expression in the stationary phase is H-NS independent (data not shown). ␤-Galactosidase activity of the cka-lacZ fusion was even somewhat higher in the rpoS mutant (data not shown), most probably due to competition between 70 and S for RNAP core. In the absence of S , the cellular concentration of the 70 -containing holoenzyme is higher and can result in higher activity of some promoters (9) . Our results show that induction of cka expression is S and Lrp independent. On the other hand the somewhat higher ␤-galactosidase activity in the late stationary phase in the himA mutant strain GE2897 indicates that IHF inhibits cka expression in this phase of the growth cycle (Table 3) . cka expression is temperature dependent. To determine whether the transcription of cka is thermoregulated, the ␤-galactosidase activity of the cka-lacZ fusion was monitored when cells were grown at 22°C. cka gene expression is influenced by temperature, since only 52 U of ␤-galactosidase activity was detected at 22°C (approximately 10-fold lower than at 37°C). When mitomycin C was added to the growth medium, fivefoldlower activity at 22°C than at 37°C was observed. Lower activity at 22°C was found not to be due to lower plasmid copy number (data not shown). These results were confirmed by SDS-PAGE of the Cka protein, as described in Materials and Methods (Fig. 6 ).
Since the global regulator H-NS is involved in thermoregulation of Pap pili (14) , cka expression of the cka-lacZ fusion was tested in the hns, relA spoT, lrp, and himA mutant strains, and no influence on expression at 22°C was demonstrated. The level of osmotic induction in the wild-type MC4100 strain at 22°C was the same as at 37°C.
Increased osmolarity affects the expression of cka. Bacterial cells are frequently subjected to fluctuations in the osmolarity of the environment. Osmolarity has been noted to be a signal controlling several virulence genes (19) . Under conditions of increased osmolarity, in LB medium supplemented with 0.3 M NaCl, cka-lacZ expression in strain MC4100 was partially increased (Fig. 7) .
Colicin K synthesis is not affected by the cAMP-Crp complex. To determine whether the cAMP-Crp complex and thus catabolite repression influences the expression of cka, ␤-galactosidase activity was monitored in strain SBS688 (defective in crp, encoding the cAMP receptor protein Crp). cka expression was shown to be independent of the cAMP-Crp complex (data not shown).
␤-Galactosidase activity of strain MC4100 with pIK471 was also tested in M63 medium supplemented with Casamino Acids and glucose or glycerol as the carbon source. No differences in ␤-galactosidase activity were observed, confirming that cka a The expression in Miller units is indicated at four different times (during the growth cycle) of cell growth and compared with the expression in strain MC4100.
b The culture of strain MC4100 was divided into two parts in the early log phase at an OD 600 of 0.3. Mitomycin C was added at 0.5 g/ml to one part. The data shown represent the average of three independent experiments. c ␤-Galactosidase activity (in Miller units) was measured in the himA mutant strain GE2897, which is defective in IHF. The data shown represent the average of two independent experiments. Effect of anaerobiosis, pH, and short-chain fatty acids on cka expression. The influence of anaerobiosis on cka expression was monitored under anaerobic (7) and aerobic conditions in the wild-type MC4100 strain and in the fnr mutant. We compared the ␤-galactosidase activity of uninduced cultures and cultures induced with 0.5 g of mitomycin C per ml.
It is evident that the basal level of cka expression was not affected by anaerobic conditions (Table 4 ). In the fnr mutant, expression under uninduced and induced anaerobic conditions was twofold lower than in strain MC4100. In the wild-type strain MC4100, the expression in induced cultures was higher under anaerobic conditions than under aerobic conditions. These results show that anaerobiosis partially affects cka expression only upon SOS induction.
The pH of the LB medium was 7.0 initially and 8.5 after sustaining growth for 12 h. To test whether the pH influences cka expression, the ␤-galactosidase activity of the cka-lacZ fusion was tested in fresh LB medium adjusted to pH 8.5 with NaOH. Expression was the same as in LB medium at pH 7 (data not shown), demonstrating that the increase in pH in the stationary-phase culture did not affect cka-lacZ expression.
The effects of two short-chain fatty acids, acetic and propionic acids, on cka-lacZ expression were studied. Sodium salts of both acids were added at 50 mM to early-log-phase cultures (OD 600 ϭ 0.1) of MC4100 carrying pIK471 growing in LB medium. LB medium supplemented with 50 mM NaCl served as a control. ␤-Galactosidase activity was determined after 1 h of growth, and no differences in expression were found between the control medium and medium containing short-chain fatty acids (data not shown), demonstrating that accumulation of metabolic products plays no role in colicin K expression.
DISCUSSION
Natural populations of E. coli frequently produce colicins. Recently, the rapid invasion of established colicinogenic populations by another colicinogenic strain expressing novel immunity functions has been demonstrated (29) . Studies of regulation of expression of colicin genes and the environmental conditions influencing expression could further elucidate colicin action in the natural environment.
The results presented in this study demonstrate that regulation of colicin K expression is growth phase dependent, with production increasing as cells proceed through the growth cycle. Expression of cka increases in a linear manner as the cells proceed from the exponential to the stationary growth phase. A less pronounced increase in expression is characteristically observed in the late stationary phase. Expression of another pore-forming colicin, colicin E1, has also been shown to be growth phase dependent; however, cea expression is low and constant in the early log phase and then dramatically increases (8) .
As cells proceed through the growth cycle, changes in the medium, such as nutrient depletion, pH changes, anaerobiosis, or the production of metabolites or inducers, occur and regulate gene expression. Depletion of nutrients was shown to induce cka expression. Surprisingly, activity in conditioned medium exceeded activity in the stationary phase when the medium was also depleted of nutrients. Complete derepression of cka expression in stationary-phase and late-stationary-phase cultures might be inhibited by cellular remains, which can be used as nutrients for growth.
Bacterial cells of various species sense and respond to population densities by the production and detection of small signalling substances (pheromones), which regulate a number of processes including quorum sensing, competence, sporulation, and antibiotic as well as exoenzyme production (reviewed in references 10, 15, and 28). Since cka induction in conditioned medium could be due to the presence of an inducer, the ␤-galactosidase activity of the cka-lacZ fusion was tested in conditioned medium complemented by the addition of fresh LB medium. Expression was initially (in the first 4 h after inoculation) lower, demonstrating that cka expression is in- a After inoculation, the strains were grown in LB medium aerobically, split into two parts, and further grown aerobically and anaerobically for 1 h, after which they were split again and one part was induced with mitomycin C. ␤-Galactosidase activity (in Miller units) was assayed 4 h after inoculation. The data represent the average of two independent experiments.
b Strain MC4100 with pIK471. c Strain RK5288 with pIK471.
duced in response to starvation. However, subsequently (after 6 h), particularly in conditioned medium complemented with 25% fresh LB medium, expression was significantly greater than in 100% depleted medium. Our results demonstrated that the addition of low concentrations of nutrients to conditioned medium induces cka expression to the greatest extent. This effect could be due to a specific low level of metabolic activity, evidenced as slow growth to an OD 600 of 1 to 2. It thus seems that cka expression is not solely induced by depletion of nutrients but that another unidentified regulator could also be acting at a specific physiological state. Since nutrient availability in the natural bacterial environment is scarce and starvation is common, the fine-tuning of high levels of cka expression with low metabolic activity could offer a population of colicin-producing cells a significant competitive advantage during invasion and establishment in an ecological niche. Nutrient depletion in growing bacteria induces the production of guanosine tetraphosphate. ppGpp exerts pleiotropic effects collectively known as the stringent response. Positive stringent control is exerted on processes acting in overcoming amino acid starvation or preparatory for surviving prolonged starvation. ppGpp has been reported to be a positive regulator of rpoS expression (11, 16) and the his operon (5). Our data demonstrate that ppGpp is the main positive effector of cka expression, since only basal-level activity with only an approximately twofold increase in expression occurred in the relA spoT mutant.
The expression of several important virulence determinants is temperature regulated in a number of bacterial genera (3, 4, 14, 17, 22, 32) . By monitoring the ␤-galactosidase activity of the cka-lacZ fusion at 22 and at 37°C, we demonstrated that temperature is another important signal influencing cka expression. At 22°C, only a basal level of ␤-galactosidase activity was produced in the late stationary phase. Our results thus indicate that expression of cka is induced in the warm-blooded host.
Repression of colicin synthesis by the LexA protein is a well-established fact. However, mitomycin C induces only a two-to threefold increase in the ␤-galactosidase activity of cka-lacZ fusion, indicating that SOS induction is not a strong regulatory signal for cka expression. Mitomycin C induction of the cka-lacZ fusion in the relA spoT mutant, together with induction in the wild-type strain during exponential growth, demonstrates that ppGpp and the SOS response act independently in regulating cka expression.
Increased osmolarity induces a partial increase in expression of the cka-lacZ fusion, as determined in medium with 0.3 M NaCl. A partial increase is observed particularly in the stationary phase. As glucose concentrations differ in different parts of the intestinal tract, so do concentrations of salts. Higher concentrations of salts are present in the proximal than in the distal part of the intestinal tract, again indicating that expression of cka could be induced by specific signals in the host.
Our data also demonstrate that in addition to repression by LexA, cka expression is inhibited in the late stationary phase by IHF. In the himA mutant strain, cka expression as determined by ␤-galactosidase activity of the cka-lacZ fusion is higher in the late stationary phase, when IHF concentrations increase sixfold. IHF has been proposed to act as an architectural element and could play an indirect physiological role in gene expression when other proteins responding to environmental signals influence IHF binding or activity (2) .
Expression of the cka-lacZ fusion is shown to be independent of the carbon source and the cAMP-Crp complex. It has been reported that virulence factors important for colonization of the proximal part of the small intestine are expressed independent of the carbon source and the cAMP-Crp complex, since glucose concentrations are high in this part of the intestinal tract. On the other hand, the expression of genes encoding factors crucial in the distal part of the small intestine is dependent upon the carbon source and the cAMP-Crp complex, since glucose concentrations are low in this part of the intestinal tract (reviewed in reference 6). Expression of the colicin K cka gene is independent of the cAMP-Crp complex and, in contrast to colicin E1, not significantly affected by anaerobiosis. On the other hand, the colicin E1 cea gene is dependent on both conditions (7, 25) . This implies that different colicins, even though responding to some common signals, also respond to specific cues. A comparison of the factors affecting the expression of the colicin K cka gene and the E1 cea gene (7, 8) is presented in Table 5 . With regard to nutrient availability and colicin production, lower levels of colicin E3, E5, E6, E8, and E9 production in minimal media than in LB medium have been reported (29) , further demonstrating the differential expression of various colicins.
Our results, together with results from other groups, demonstrate that regulation of colicin synthesis is complex and that environmental signals in the host could play an important role in regulation of expression. Two SOS boxes are present in the promoter region of colicin K (Fig. 1) and of ColE operons. It has been proposed that LexA binding to the two overlapping SOS boxes protects colicin-producing cells from lysis under conditions that do not induce the SOS response, since lysis is lethal to the producing cell (18) . Growth phase-dependent colicin induction has been reported to be independent of LexA cleavage (8) . Intracellular LexA concentrations vary following DNA damage and not with regard to growth phase and environmental cues, like the concentrations of other regulators. Thus, LexA represses colicin expression, preventing cell lysis, until specific environmental signals, e.g., nutrient depletion, temperature, and osmolarity, induce colicin synthesis in the host. The differential induction of at least some colicins by specific environmental signals suggests that individual colicins could be acting and imposing a competitive advantage at different sites within the natural environment. Colicinogenic strains producing more than one colicin could have a competitive advantage under several different environmental conditions.
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